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The intrinsic sensitivity of whispering-gallery-mode resonators aimed at measuring refractive index
can be extremely high, although their practical performance is compromised by temperature fluctuations
that masquerade as refractive-index changes. We present a triple-mode approach that delivers
simultaneous and independent sensing of temperature and refractive-index changes in the same
resonator. The frequency difference between two orthogonally polarized modes is used to sense
temperature which is then actively stabilized to ∼1 μK over 15 minutes. We then detect a frequency
difference between two modes of different wavelengths to obtain a refractive-index measurement that is
free of temperature fluctuations. This triple-mode technique delivers a state-of-the-art detection limit of
8 × 10−9 refractive-index units, despite the resonator size being 100 times larger than that typically used
for sensitive refractometric sensing.
DOI: 10.1103/PhysRevApplied.3.044015
I. INTRODUCTION
Whispering-gallery-mode resonators (WGMR) are fre-
quently used for refractometry and reactive biosensing due
to their superb intrinsic sensitivity [1–6]. Although many
different sensing schemes have been developed for differ-
ent scenarios, the basic principle is always the same: the
sensing target, whether gas, fluid, biomolecules, or nano-
particles, interacts with the evanescent electromagnetic field
near the surface of the resonator. This interaction modifies
the effective optical path length for a resonant mode, thereby
shifting the mode resonance frequency. The detection limit
of this approach is determined by two key factors: the
coupling strength of the target into the resonant mode and the
minimum detectable change in mode frequency. This mini-
mum-detectable-frequency change is usually set for passive
detection schemes by photon shot noise in the frequency
locking system [7–9], or by thermomechanical or thermor-
efractive noise in the resonator [10,11]. Active detection
schemes have limits set through Schawlow-Townes proc-
esses [12,13]. One can calculate an outstanding potential
refractometry sensitivity for WGMRs, although, in practice,
these fundamental limits are rarely achieved because of
the confounding effect of temperature fluctuations in the
resonator [1,2,14,15].
In recognition of this challenge, some beautiful work has
shown how to automatically reject the effect of temperature
by measuring frequency differences between two orthogo-
nally polarized modes [16]. Unfortunately, this approach is
not applicable to anisotropic resonators that possess some
unique and useful advantages: first, resonators made from
MgF2 (which is anisotropic) have substantially enhanced
sensitivity for aqueous sensing [17] and thus are highly
desirable for many applications. Moreover, in an aniso-
tropic resonator, it is possible to tune the frequency
difference between orthogonal modes to a convenient value
using temperature tuning: for the isotropic resonator, this
difference is fixed by the geometry. This problem is
exacerbated for the desirable, small, and highly sensitive
resonators with their large free-spectral range.
In this work, we develop an idea for temperature-free
refractometry in anisotropic resonators. First, the frequency
difference between two orthogonally polarized modes in
the same mode family detects the resonator temperature
[18–20]. In a second step, we stabilize the resonator
temperature by adjusting the optical input power to the
resonator so that this frequency difference is kept constant.
In the third step, we compare the frequency of one of these
two original modes to a third mode that has a wavelength
almost exactly half that of the two former modes. The
evanescent coupling of this third mode differs substantially
from either of the other two modes which means that this
second frequency difference is sensitive to the refractive
index of the surrounding material. As we show below, there
is a strong suppression of temperature-mitigated influences
in this second mode difference, allowing achievement of
a practical detection limit that is comparable to the best
refractive-index measurement yet made with a WGMR. This
detection limit is in spite of the use of a relatively large
resonator (millimeter scale), which reduces the intrinsic
refractometric sensitivity by a factor of∼100 over resonators
more typically used in these applications (10–100 μm).*wlweng@physics.uwa.edu.au
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Nonetheless, the technique we propose here is equally
applicable to smaller resonators, providing a path to upgrade
the performance of this entire class of resonators into this
new regime.
II. EXPERIMENTS AND RESULTS
Figure 1 shows the experimental setup based around
a 5-mm-radius MgF2 WGMR. The output beam of a
1064-nm Nd:YAG laser is split into two beams: one passes
through an acousto-optic modulator (AOM) to control the
beam intensity, while the second is frequency shifted by
fa ≈ 160 MHz in a double pass through an AOM and is
used to control the frequency of this second beam. The
second-harmonic output of the laser (at 532 nm) is made to
double pass a third AOM, which gives a frequency shift fb
of approximately 150 MHz. The three beams are then
transferred by polarization-maintaining fibers into a ther-
mal and acoustical shelter where the WGMR is mounted.
The three beams are then combined by a polarization beam
splitter and a dichroic filter and launched into a carefully
positioned high-refractive-index prism so as to couple to
modes in the resonator through frustrated total internal
reflection. The frequency of all three signals is adjusted
until they couple into three first-order modes with a
Q > 1 × 108. Due to the difference in the evanescent scale
lengths of the three modes, the two 1064-nm modes are
overcoupled while the 532-nmmode is undercoupled under
operating conditions. For ease of description below, we
denote the frequency of the 1064-nm transverse-magnetic
(TM) mode as fTM, the 1064-nm transverse-electric (TE)
mode as frequency fTE, while the frequency of the 532-nm
TM mode is denoted fG. The transmitted beams are
separated by another polarization beam splitter and dichroic
filter and registered on three photodetectors.
Figure 2 shows the resonance spectra of the three modes.
The translation stage used to control the coupling distance
is temperature stabilized with a thermistor-heater pair so the
distance instabilities on time scale of 10–20 min do not
cause observable fluctuations of the coupling.
The laser frequency is modulated at 1.638 MHz to
implement the Pound-Drever-Hall (PDH) frequency-
control approach that is then used to provide steering
signals for all three laser signals [21]. The error signals of
the three modes are presented in the lower panel of Fig. 2
as well. The error signal of the 1064-nm TM mode is fed
back to the laser frequency-modulation port, while the
error signals of the other two modes are fed back to the
frequency-modulation ports of the synthesizers that drove
the corresponding AOMs. When all three laser signals
are locked to their respective modes, we note that
fa ¼ fTM − fTE and fb ¼ 2fTM − fG.
We see that fa is a proxy for the temperature of the
resonator because of the different thermo-optic coefficients
for ordinary and extraordinary refractive index, i.e.,
1=fTMdfa=dT ¼ β1064;e − β1064;o ≡ βp, where β1064;o and
β1064;e are the thermo-optic coefficients at 1064 nm for
ordinary and extraordinary light, respectively [18,19,22]. We
define a new parameter βp as the polarization-dependent
thermo-optic coefficient at 1064 nm. Furthermore, fb is also
sensitive to the resonator temperature because the thermo-
optic coefficient is wavelength dependent. This tempe-
rature dependence can be expressed as 1=fTMdfb=dT ¼
2ðβ1064;e − β532;eÞ≡ βλ, where β532;e is the thermo-optic
coefficient at 532 nm for the extraordinary refractive index
and we define βλ as the wavelength-dependent thermo-optic
coefficient [20].
We calculate the mode-frequency temperature sensitivity
from the known linear expansion and thermo-optic coeffi-
cient for MgF2 (α ¼ 9.3 × 10−6 [19], β1064;e ¼ 0.25 × 10−6,
and β1064;o ¼ 0.65 × 10−6 [23]) and these are shown in
Table I. We expect these estimates to be accurate to a few
percent, based on the known errors in the tabulated values.
We can also use the theory presented in Ref. [23] to calcu-
late expected values for βλ and βp (see Table I).
For confirming the predicted values, we measure fb and
fTM as the temperature of the resonator is intentionally
varied and this measurement is shown in Fig. 3.
FIG. 1. Experimental setup. HWP, half-wave plate; PBS,
polarization beam splitter; DF, dichroic filter; FM, frequency
modulation; and AM, amplitude modulation.
FIG. 2. Resonance spectra of the three modes in the experiment
(upper panel) and their corresponding PDH error signals (lower
panel). Red, orange, and green traces represent the 1064-nm TM
mode, 1064-nm TE mode, and 532-nm TM mode, respectively.
The PDH error signals of different modes are adjusted to the same
amplitude level with electronic amplifiers.
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The measurement of fb is performed with a conventional
frequency counter,whilefTM ismeasuredby comparison to a
mode of a highly stabilized frequency comb. We see
a strong linear relation between the two parameters, with
dfTM=dfb ¼ 20.00 0.02. By combining this relation
with the value of dfTM=dT in Table I, we calculate
βλ ¼ −4.77 × 10−7 K−1 in reasonable agreement with the
predicted value.We then experimentallymeasure the relation
between fa and fb as the temperature is varied (see Fig. 4).
This measurement tests our expectation of a strong correla-
tion between those parameters along with extracting a value
for βp. The linear relation shows a slope of βλ=βp ¼ 0.93,
allowing an estimate for βp (see Table I). The inset of
Fig. 4 shows the residual fluctuations infb after removing the
linear slope showing deviations at the few-kilohertz level
associated with slow drifts over a 10-min time scale.We note
a ∼20% discrepancy between the theoretical and experi-
mental values for βλ and βp that probably arises from the
paucity of prior data and also because these parameters are
inherently more sensitive to inaccuracy in the contributing
data. We see a similar discrepancy in another experiment
aimed at measuring the temperature sensitivity of a TEmode
at 532 nm.
We use fa to detect the resonator temperature and then
arrange to hold its value fixed by actively controlling the
incident power into the 1064-nm TM mode. We increase
the nominal coupled power into this mode to ∼1 mW to
give us sufficient range to hold the temperature fixed over
many hours. This approach gives a ∼10 Hz control
bandwidth with residual fluctuations in fa corresponding
to just 1 μK over 15 min (see Fig. 5). One expects that fb
should also show much improved stability since its fluc-
tuations are also dominated by ambient temperature fluc-
tuations. We confirm this expectation using two frequency
counters to record fa and fb when fa is under thermal
control (see Fig. 5). We see that fb shows a strong reduc-
tion with a residual temperature drift of ∼2.5 μK=min
(or ∼300 Hz=min).
III. ANALYSIS OF RESULTS
Figure 6 shows the same data presented as a power
spectral density (PSD), demonstrating a substantial sup-
pression of fluctuations in both fa and fb once the control
is initiated. The residual noise in fa (i.e., f0a) corresponds
to that expected for our temperature control system with a
5 Hz bandwidth. We note that the residual noise of fb is
around a factor of 5 higher than that of fa. We discuss these
results in more detail following a discussion of the
refractive-index sensitivity of fa and fb.






















FIG. 3. The measured relation between fTM and fb as the
temperature of the resonator is intentionally varied over a range of
∼40 mK. The slope of the curve ΔfTM=Δfb ¼ 20.00 0.02.
TABLE I. Theoretical and experimental values of temperature-
dependent parameters.
Parameter Theory Experiment
dfTM=dT −2.69 GHz=K −2.62 GHz=K
dfTE=dT −2.81 GHz=K −2.90 GHz=K
βλ ¼ ð1=fTMÞðdfb=dTÞ −5.32 × 10−7 K−1 −4.77 × 10−7 K−1
βp ¼ ð1=fTMÞðdfa=dTÞ −4.02 × 10−7 K−1 −5.13 × 10−7 K−1

























FIG. 4. The relation of fb and fa as the temperature of
the resonator is intentionally varied over a range of ∼15 mK.
The slope of the curve is Δfb=Δfa ¼ βλ=βp ¼ 0.93. The inset


























 (Hz, arb. offset)
FIG. 5. Time evolutions of fa and fb over nearly 15 min when
thermal control is activated. fa (red trace) is stabilized within
a range of 150 Hz, while the fluctuations of fb (green trace) are
∼4 kHz.
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Any changes in the refractive index of the surrounding
fluid or gas, or binding of biomolecules and nanoparticles
to the resonator’s surface, will cause a different frequency
shift in all three modes because the coupling between the
external environment and the mode depends both on
polarization and the wavelength of the mode. In the case
of a homogenous fluid of refractive index n around a
resonator with refractive index ns, we can express the
resonance frequency sensitivity as [24]
df
dn




where f is the resonance frequency, c is the speed of light
in vacuum, R is the radius of the resonator, and m is a
polarization-dependent index, being 1 for TE mode and
2 − n2=n2s for TM mode. This first-order expression pro-
vides the frequency sensitivity of the mode to a refractive-
index change and is widely used in refractometric sensing
to express the sensitivity.
However, in practice, the experimenter measures a com-
posite frequency change, Δf¼ðdf=dnÞΔnþðdf=dTÞΔT,
with a dependence on both resonator temperature and
refractive index of the surrounding fluid. In high-Q
WGMR sensing applications, the temperature term in this
expression commonly dominates over the refractive-index
changes and thus sets the minimum detectable Δn [14].
For our triple-mode scheme, we can express the major
























Δnþ Γb þ Nb; ð3Þ
where Γa ¼ fTMðγTM − γTEÞ and Γb ¼ 2fTMðγTM − γGÞ
are the relative nonlinear Kerr shifts of each mode.
In calculating these Kerr shifts, care must be taken in
accounting for different effective mode areas of the modes
and the overlap with the total intensity distribution [20].
In our experimental situation, the intracavity power of
the 1064-nm TM mode PTM is much higher than the other
two modes and hence the overlap of this intensity distri-
bution with the three modes determines the result, i.e.,
γx ¼ PTMκ=ns
R jMTMj2jMxj2dA, where x ¼ TE, TM,
or G; κ is the Kerr coefficient for the material; and
Mx is the transverse mode amplitude normalized so thatR jMxj2dA ¼ 1; and dA is an elemental area transverse to
the mode propagation direction.
We include two noise terms, Na ¼ δfTE − δfTM and
Nb ¼ δfG − 2δfTM, in Eq. (3), which capture residual
frequency fluctuations due to the finite gain of the fre-
quency control system, where we define δffTE;TM;Gg as the
locking error for the associated mode.
We measure the resonator temperature through fa and
then hold it to be constant by modulating the intracavity
power of the 1064-nm TM mode PTM, to induce temper-
ature changes to compensate any fluctuations. We can
























Δf0a þ Γb −
αb
αa




where Δf0a is the residual fluctuation of fa because of
the finite gain of this temperature control loop. Using
the additional approximation that ðdfTM=dnÞ ≈ ðdfG=dnÞ









þ Γ0 þ N0; ð5Þ
where Γ0 ¼ fTMðγTMþ γTE− γGÞ is the effective Kerr noise,
while N0 ¼ δfG − δfTE − δfTM is the sum of the laser
locking noises.
By comparing Eq. (5) to Eqs. (2) and (3), we see that
our scheme circumvents the temperature fluctuations that
would otherwise set the detection noise. This expectation
is confirmed in Fig. 6, which shows a 10-fold improvement
in detectivity for Fourier frequencies below 0.06 Hz.
Equation (5) shows that this noise immunity is achieved
while the intrinsic refraction-index sensitivity is maintained
at the conventional single-mode sensing level. The calcu-
lation shows that even with the large resonator used in
this experiment, we obtain a detection limit of ∼8 × 10−9
refractive index units (r.i.u.) in a frequency range of
10−1–100 Hz. This result is comparable to the best
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FIG. 6. The spectral density of frequency fluctuations of fa and
fb when thermal control is off (thick solid lines) and activated
(thin lines), respectively. When actively stabilized, the residual
fluctuations of fb (Δfbjlocked) are nearly 1 order of magnitude
higher than the residual fa fluctuations (Δfa 0), limited by
noise in frequency stabilization systems. The curve labeled N0
is the independently measured frequency stabilization noise
[see Eq. (5)].
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was achieved with a microinterferometic backscattering
detection system [25].
We now address the origins of the additional fluctuations
and drifts seen in fb when we thermally stabilize the
resonator, based on controlling fa, i.e., the difference
between fbjlocked and f0a in Figs. 4 and 5. Equation (5)
shows that the aggregate noise floors N0 of the frequency
locking systems will appear in fbjlocked but not in f0a. We
independently measure N0 (see Fig. 6) and see that it is
consistent with the noise seen in fbjlocked between 0.04 Hz
and 0.5 Hz. In our experiment, this noise is mainly
determined by the laser’s relative intensity noise and the
electronic noise of the PDH locking system. We verify that
the residual locking instability due to the finite suppression
gain of the feedback system is below N0 across the whole
frequency range in this experiment.
We also consider the effect of the small disparities in
mode shape and position of each of the excited modes as a
potential contributor to this residual noise. However,
these differences, which can be shown to be on the scale
of a few microns through finite-element calculations,
lead to a thermal correlation time of less than 1 ms. Thus,
throughout the frequency range displayed in Fig. 6, any
thermal gradients and differential temperature fluctua-
tions arising from ambient and fundamental sources are
below 10 nK and are thus negligible at the current level
of performance.
Over long-time scales (more than 50 s or below 0.02 Hz),
we see some low-frequency noise on fbjlocked (see Fig. 6)
and drifts as seen in Fig. 5. One potential explanation for
this is the differential Kerr effect Γ0, which contributes to
fbjlocked as seen in Eq. (5). We expect the spectral signature
of Γ0 to be identical to the free-running temperature
fluctuations fa, since the ambient fluctuations are mapped
into PTM, through our temperature-control technique. Earlier
measurements predict that this differential Kerr effect will
only contribute for Fourier frequencies below 0.01 Hz [20].
A second explanation for these low-frequency drifts arises
from changes in the refractive index in the region around the
resonator. The air-pressure change at the time of the experi-
ment was∼1 hPa=h. Using the known relationship between
the air pressure and the refractive index [26], we calculate an
atmospheric refractive-index drift of 2.7 × 10−7=h, causing
around 60 Hz=min drift in fb, in close agreement with the
levels observed in Fig. 5.
We also plot in Fig. 7 the Allan deviations of the same
measured frequency instability data for PSD calculations,
which confirms the information presented in Fig. 6.
IV. DISCUSSION AND CONCLUSION
Smaller resonators are generally preferable for sensing as
the intrinsic sensitivity improves with the stronger evan-
escent field. However, our analysis shows that the triple-
mode approach can deliver a detection limit comparable
to the best refractometric sensors but using a resonator of
millimeter size. The triple-mode approach also provides
automatic suppression of the laser frequency fluctuations
[27] and eliminates the need for spectra acquisition and
curve fitting as required in alternative techniques [4,24].
If we were to combine this triple-mode idea with new
developments in manufacturing high-Q crystallineWGMRs,
with a size of a few tens of microns [28], then it would be
possible to obtain an extreme detection limit. We calculate
that for a WGMR with a 50 μm radius, with a noise level
the same as here, we would have a detection limit below
1 × 10−10 r.i.u.. One can also foresee applications for this
technique in bioparticle sensing using the high-sensitivity of
MgF2 WGMR in aqueous environments [17]. The reactive
effect of a single bioparticle at an optimum binding location
on a 1-mm-diameter MgF2 WGMR [3,5] will give a signal-
to-noise ratio of 1 for a single bioparticle of excess polar-
izability of ∼ϵ0 × 1 × 10−23 m3. This value corresponds to a
bioparticle with a radius between 10 and 30 nm, indicating
a detection limit that could only be achieved previously with
a microresonator.
In conclusion, we present a temperature noise-
suppression technique for refractometry sensing with an
anisotropic high-Q WGMR. The improved noise floor
results in a detection limit improved by more than an
order of magnitude. By combining this technique with new
fabrication techniques for micron-scale crystalline micro-
resonators, one can see a path for single-virus detection, or
even single-molecule sensing.
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FIG. 7. Allan deviations of measured frequency instability data.
The information presented with PSD in Fig. 6 is confirmed.
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